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To understand the behavior of rocket nozzles, the interaction between hot gas flows and
the structural deformation caused by the aerodynamic loads and heat fluxes has to be
investigated. These phenomena have critical influence on durability and performance
of rocket nozzles. Therefore, multidisciplinary numerical methods have to be developed
to analyze these aerothermoelastic problems. A coupling method is proposed which is
able to transfer mechanical and thermal load from a fluid solver to a structural solver
and transfer deformations and surface temperatures back. To be able to investigate
aerothermoelastic coupling the computation of the thermal field has been implemented
into a structural solver for axisymmetrical shells. The presented computational results
show the ability of the presented fluid-structure interaction method to simulate the aeroe-
lastic behavior of the reference configuration. The prediction of the structural solver for a
thermo-structural problem is validated against computational results from a commercial
structural solver.
1. Introduction
Rocket nozzles are exposed to extreme aerodynamic and thermal loads. Within the
atmosphere, the nozzle flow is mostly overexpanded, so that shock waves occur in the
nozzle, which may lead to restricted shock separation or free shock separation. Asym-
metries of these shock-detachment phenomena in circumferential direction cause de-
formations of the nozzle wall, which in turn have an influence on the shock-detachment
itself. These phenomena are often not considered in the design stage, although the
influence on the nozzle functionality and performance is substantial.
Furthermore, the nozzle deformation can affect the exterior flow. Even if these side
loads do not result in a structural failure, the induced vibrations represents a consider-
able loading of the nozzle and the connected structural components. If such dynamical
loads are not considered sufficiently, the rocket engine can be damaged.
Therefore, it is necessary to improve the understanding of the aeroelastic and aerother-
moelastical problems in rocket nozzle flows by means of a reliable numerical analysis.
Eventually, this should result in fast and reliable numerical methods which are capable to
support the design of aerothermoelastically optimized nozzles. Following these needs,
the long-term objective of this work is to develop a comprehensive solution method for
non-stationary aerothermoelastic problems of axisymmetric structures exposed to high-
enthalpy flows.
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FIGURE 1. Scheme of the aerothermoelastic coupling chain.
2. Numerical Methods
The solver applied here follows a partitioned approach. In this approach, separate
programs are operated iteratively to solve the coupled four-field problem. This problem
consists of the heat conduction and its influence on the structural deformation as well as
the combined interaction of temperature and deformation with the unsteady flow field,
which is solved on a deforming grid.
Figure 1 shows a flow chart of the realisation of the partitioned numerical approach.
Based on this scheme, the CFD solver QUADFLOW is coupled with the thermoelastic
solver ASTRA by the Aero Thermoelastic Coupling Module (ATCM), which perform the
information between the single field solvers. The individual programs are described in
the following.
2.1. QUADFLOW
The flow solver QUADFLOW has been developed within the Collaborative Research
Center SFB 401 Flow Modulation and Fluid-Structure Interaction over the last decade [1].
It solves the compressible versions of the two- or three-dimensional Euler- and Reynolds-
averaged Navier-Stokes equations. These are discretised with a cell-centered finite vol-
ume (FV) method. QUADFLOW features a highly reliable and efficient local grid refine-
ment method based on multiscale analysis [2]. QUADFLOW represents the grid as an
overall multiblock topology in which the grid coordinates of each block are computed
by evaluating parametric B-spline mappings. The adaptation produces hierarchically
nested quadtree- resp. octree-type refinements of favored quadrilateral resp. hexahe-
dral cells. In the course of FSI iterations, the B-spline grid is deformed in QUADFLOW
in two steps [3]. At first, the displacements of the multiblock topology are interpolated
from the surface deformation with radial basis functions. Afterwards the B-spline control
points within each block are moved by transfinite interpolation.
2.2. FlowSimulator Environment
Partitioned algorithms are an efficient way to solve complex multi-disciplinary problems
e.g. for aeroelastic or aerothermoelastics in an acceptable time. These algorithms can
be realised by modular process chains, which significantly reduce the development effort
compared to a monolitic solver. Indeed, efficient methods are also neccessary for the
communication processes between all involved software components.
To provide a common platform for multi-disciplinary simulations, Airbus, EADS Mili-
tary Air Systems and several European research institutes initiated the development of
the FlowSimulator software [4]. This platform has been designed for massively parallel
cluster architectures, which is the necessary basis for high performance computations.
The key element of the environment is the FSDataManager (FSDM), which represents a
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highly efficient, massively parallel in-memory data storage. It also provides a wide range
of interface modules, which ease access to the stored information. These modules use
the FSDM as the distributed main memory in order to provide information for further
modules in an easy, fast and unique way.
Next to the FSDM, there is a multitude of additional modules which are embedded into
the environment. In this project, the module FSTAU which contains the embedded DLR
CFD solver TAU [5] is coupled within the FlowSimulator Environment with the ATCM.
This leads also to coupling between TAU and ASTRA.
2.3. ASTRA
The ASTRA code is developed by the Department of Aerospace and Lightweight Struc-
tures at RWTH Aachen University. It allows the structural analysis of shells of revolution
with an arbitrary meridian. Due to the use of reduced models, ASTRA is an efficient
alternative to complete 3D solvers.
2.3.1. Elastic module (ASTRA)
The elements used in this program are based on a complete shell bending theory [6].
A variety of different wall designs is considered, from isotropic to anisotropic formula-
tions. Also common stiffened shell structures (frame/stringer, waffle-grid, isogrid) can
be approximated using smeared properties. Ring-stiffeners can be modeled as discrete
structures. The standard material formulation is linear elastic.
Despite the description as an axisymmetric shell structure, the loads and, conse-
quently, the computed results don’t have to be axisymmetric. They can be expressed
using Fourier series. The mechanical formulations for axisymmetric shells describes the
stress and deformation fields due to external loads, and a temperature field, which has
a linear temperature distribution over the wall thickness.
The theoretical description of the shell of revolution leads to a system of partial differ-
ential equations:
∂
∂ψ
~Z = A0 · ~Z +A1 · ∂
∂ξ
~Z +A2 · ∂
2
(∂ξ)
2
~Z +
(
~0, ~L
)T (2.1)
Using Fourier series in the circumferential direction the partial differential equations can
be transfered into ordinary differential equations:
∂
∂ψ
~Z(ξ, ψ) = A~Z(ξ, ψ) + ~L(ξ, ψ, ~θ) (2.2)
with: ~Z = state variables (deformations + internal loads),
A = differential matrix,
~L = external loads,
ξ = circumferential direction (see Fig. 2),
ψ = meridional direction (see Fig. 2),
~θ = temperatures.
These differential equations are solved using numerical integration in the meridional
direction. By rearranging the resulting integral matrix the element stiffness matrix is
obtained.
The loads and the deformations can be arbitrarily distributed in circumferential direc-
tion and are expressed by Fourier series.
The following methods for the structural analysis are implemented in ASTRA: linear
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FIGURE 2. Generic axisymmetrical body.
static analysis (first order and second order theory), fully non-linear static analysis, linear
stability analysis, non-linear stability analysis and linear stability analysis with combined
loads [7,8].
Also for the investigation of the structural response due to unsteady aerodynamic
loads, a dynamic module is developed. The dynamic module contains an eigenfre-
quency solver and an implicit solver with the Newmark procedure as the time integration
method.
2.3.2. Thermoelastic module (ASTRA)
To couple the structural solver with the aerothermoelastic coupling module ATCM
transient thermal loads from the fluid solver, like thermal fluxes, have to be processed
and incorporated into the analysis. Weak coupling between the thermal and the elastic
solutions is assumed (the thermal field is used to compute the deformation field, but not
otherwise):
M ~¨U(t) +K~U(t) +Ω~θ(t) = ~F (t) (2.3)
MT ~˙θ(t) +KT ~θ(t) = ~FT (t) (2.4)
with: Ω = thermoelastisity,
MT = thermal capacity,
KT = thermal conductivity,
~U = deformation field,
~θ(t) = temperature filed,
~F (t), ~FT (t) = mechanical and thermal loads.
The computed temperature field along with the deformation state is transformed back
to the fluid solver via the ATCM. ASTRA also can be used as a standalone stationary or
transient thermoelastic solver.
The derivation of the thermal capacity and conductivity matrices is founded on the
heat conduction equation for the axisymmetrical shells:
∂θ
∂t
− 1
cρ
(
λ2
∂r
∂ψ
r
∂θ
∂ψ
+ λ2
∂2θ
∂ (ψ)
2 + λ1
1
r2
∂2θ
∂ (ξ)
2 + λ3
∂2θ
∂ (ζ)
2
)
− η
cρ
= 0 (2.5)
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with: ζ = shell normal direction (see Fig. 2),
r = radius,
λ1, λ2, λ3 = coefficient of thermal conductivity in ξ, ψ and ζ directions,
c = specific heat,
ρ = density,
η = specific heat generation inside the shell.
The thermal fluxes through the inner (qi) and the outer (qa) surfaces of the shell are
defined as proportional to the temperature gradients at these positions (ζ = ±h/2, with
h as the local shell thickness):
λ3
[
∂T
∂ζ
]
ζ=−h2
= qi (2.6)
λ3
[
∂T
∂ζ
]
ζ=h2
= qa (2.7)
The temperature distribution through the thickness is assumed to be quadratic
θ(ξ, ψ, ζ, t) = T0(ξ, ψ, t) + T1(ξ, ψ, t)ζ + T2(ξ, ψ, t) (ζ)
2
, (2.8)
so the thermal field can be described using three degrees of freedom (T0, T1, T2) for
every discrete shell position.
Using the assumptions from Eqs. (2.6)–(2.8), the heat conduction equation (2.5) can
be integrated through the thickness of the shell. Additionally the same equation is multi-
plied with ζ and also with (ζ)2 and then integrated. After the three integrations, a set of
three equations emerges:(
T˙0 + T˙2
h2
12
)
cρ− λ2
{
r′
r
(
T ′0 + T
′
2
h2
12
)
+ T ′′0 + T
′′
2
h2
12
}
− λ1 1
r2
(∇∇
T0 +
∇∇
T2
h2
12
)
)
−qa − qi
h
− Q0
h
= 0 (2.9)
T˙1cρ− λ2
{
r′
r
T ′1 + T
′′
1
}
− λ2 1
r2
∇∇
T1 − 6(qa − qi)
h2
+
12λ3
h2
T1 − 12Q1
h3
= 0 (2.10)(
T˙0 + T˙2
3h2
20
)
cρ− λ2
{
r′
r
(
T ′0 + T
′
2
3h2
20
)
+ T ′′0 + T
′′
2
3h2
20
}
− λ1 1
r2
(∇∇
T0 +
∇∇
T2
3h2
20
)
−3(qa − qi)
h
+ 4λ3T2 − 12Q2
h3
= 0 (2.11)
with: ∂∂t = ˙( ),
∂
∂ξ =
∇
( ),
∂
∂ψ = ( )
′
,
Qn =
h
2∫
−h2
η (ζ)
n
dζ with (n = 0, 1, 2) as integrated internal heat generation.
A similar approach was proposed by Takezono et al. [9] using the finite difference
method in space and time to determine the transient thermal field. In ASTRA, the prob-
lem is solved similarly to the elastic approach as described above (see Sec. 2.3.1). The
three partial differential equations (Eqs. (2.9)–(2.11)) are summarized in a differential
matrix using Fourier series in the circumferential direction and are integrated using nu-
merical integration in the meridional direction. With this the thermal conductivity matrix
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is computed (see Eq. (2.4)) for each element. Further computations are performed using
standard finite element procedures. To obtain the transient solution of the thermal prob-
lem, Eq. (2.4) is solved using the Crank-Nicolson time integration method. Additionally,
an iteration procedure is implemented to consider the loss of energy to the environment
due to radiation if needed. The energy flux caused by radiation is computed using the
Stefan-Boltzmann-Law:
qa,rad = εσθ
4
a (2.12)
with ε as the overall emissivity, σ the Stefan-Boltzmann constant and θa the surface
temperature.
Using the stationary or the transient thermal field the elastic deformation of the shell
can be computed with the linear static, non-linear static or the dynamic solver.
2.4. Aero Thermoelastic Coupling Module (ATCM)
The partitioned approach followed in the aerothermoelastic solution scheme makes nec-
essary the spatial coupling of the single-field solvers involved as well as their synchro-
nization. This is the primary task of the Aero Thermoelastic Coupling Module (ATCM).
The spatial coupling involves the transfer of mechanical loads and deformations as well
as heat fluxes and temperatures between the surface grid of the considered configura-
tion in the flow solver and the structural grid.
In order to be valid from the physical point of view, any projection scheme has to be
conservative with the following two criteria: First of all, the total force and moment vec-
tors as well as the heat fluxes must be preserved during the projection. Secondly, during
steady simulations the elastic strain energy of the structure must be identical to the work
performed by the aerodynamic loads on the wetted surface. During unsteady simulations
also the instantaneous power exchanged over the coupling surface must be the same
on both sides. From the flow solver and the volume mesh deformation code, further nu-
merical requirements arise affecting the projection of deformations from the structure
back to the wetted surface. In particular, the deformed surface mesh should be smooth
in order to assure good convergence of the flow solution. Several projection algorithms
are available inside the ATCM: The Finite Interpolation Element (FIE) method [10–13] is
an uncomplicated method that uses the shape functions of the structural model to divide
aerodynamic surface loads among the nodes of the closest structural element. The GSB
method [14] and the MLS method [15] constitute further alternatives suitable for reduced
structural models. Both determine a function approximation to the nodal displacement
distribution and evaluate it at the surface points. The two methods differ primarily in
their choice of interpolation function. All projection methods inside the ATCM operate on
extensive quantities, i.e. aerodynamic forces as opposed to surface stresses, and heat
fluxes Q as opposed to heat flux densities q. This makes the ATCM independent of the
formulation of the flow solver.
2.4.1. Finite Interpolation Elements (FIE)
The established spatial coupling employed in the ATCM relies on the Finite Interpo-
lation Elements (FIE) method described in [12]. To transfer the heat flux from a load
incidence point on the wetted surface to the structure, first the projection of this point
onto the closest nearby structural element is determined, see Fig. 3. The interpolation of
the heat flux to equivalent heat fluxes at the FE nodes of the respective element is done
by using the FE shape functions hiθ. Then the interpolation coefficients are defined by
evaluating these shape functions at the natural coordinates ξProj , ηProj of the projec-
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FIGURE 3. Transfer of heat fluxes.
tion point. To assure that no artificial energy is created during the aerothermal coupling,
the temperature and the heat flux of both sides of the interface have to be the same.
In analogy to the principle of virtual work for the structure, the functional of the thermal
conduction problem is derived by the method of variation:
Π =
∫
V
1
2
{
λx
(
∂θ
∂x
)2
+ λy
(
∂θ
∂y
)2
+ λz
(
∂θ
∂z
)2}
dV −
∫
V
θqBdV (2.13)
−
∫
S
θSqSdS −
∑
i
θiQi .
In Eq. (2.14), qB is the heat flux created in the volume, and qS is the heat flux entering
the volume through the surface. The variable λ is the thermal conduction coefficient, the
subscripts indicate its components in the different space dimensions. Right now, only
air is considered, thus all components of λ are the same. Qi denotes the concentrated
heat flux. It is assumed that the heat flux and temperature are constant over a boundary
face ∆Si of the grid of the flow solver. Therefore, all contributions of the heat flux are
summed in the concentrated heat flux, which is computed as follows:
Qi = −λ∇θ∆Si . (2.14)
To guarantee a conservative coupling, the potential Π on both sides of the coupling
interface has to be the same.
ΠCFD = QCFD · δθCFD = ΠCSD =
∑
i
QiCSD · δθiCSD . (2.15)
The temperature θCFD can be expressed using the temperatures θiCSD at the nodes of
the structural grid:
θCFD =
∑
i
hiθ(ξProj , ηProj) · θiCSD . (2.16)
Combining Eq. (2.15) and Eq. (2.16) yields:
QCFD
∑
i
hiθ(ξProj , ηProj) · δθiCSD =
∑
i
QiCSD · δθiCSD . (2.17)
The heat flux at the nodes of the structural grid can then be described by
QiCSD = h
i
θ(ξProj , ηProj) ·QCFD . (2.18)
To ensure conservation, the same procedure has to be followed in the backward di-
rection when projecting the structural temperature distribution to the wetted surface. It
is interpolated from the structure nodal values using the shape function values at the
same projection points as before.
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2.4.2. Moving-Least-Squares Interpolation (MLS)
The MLS interpolation method was first applied to spatial coupling in aeroelasticity by
Quaranta et al. [15]. The projection is accomplished by performing an MLS interpolation
about each load incidence point ~¯xn with Nδ structural nodes inside of the support radius
δ as supports. The projection quantity is approximated with low-order polynomials with
Q monomials. The monomial vectors are either
~m = (1, x, y, z)T or ~m = (1, x, y, z, x2, y2, z2, xy, yz, zx)T . (2.19)
The coefficients α(~¯x) at each interpolation support point result from a moving least-
squares fit with Wendland RBFs [16] as weights. For every surface point ~ˆx and its Nδ
support points inside the support radius δ a functional
I(~ˆx, ~¯xn) =
∫
Ωδ
φ(~ˆx, ~¯xn)
(
~mT (~¯xn)α(~¯xn)− uλ(~¯xn)
)2
dΩ(~¯xn) (2.20)
has to be minimised for the coefficients α(~¯xn). For the aerothermalelastic coupling with
uλ ∈ (ux, uy, uz, θ), (2.21)
the discrete form of this functional is reduced to the normal equation through a variation
of coefficients δα:[
~m(~¯xn)
]
Φ(~ˆx, ~¯xn)
[
~m(~¯xn)
]T︸ ︷︷ ︸
=A
α(~¯xn) =
[
~m(~¯xn)
]
Φ(~ˆx, ~¯xn)︸ ︷︷ ︸
=B
{
uλ(~¯xn)
}
. (2.22)
Herein, Φ(~ˆx, ~¯xn) = E
{
φ(~ˆx, ~¯xn)
}
is the diagonal matrix of RBF weighting factors. In-
serting the polynomial expression of the interpolation function ~mT (~ˆx) [α(~¯xn)] yields
uλ(~ˆx) = ~m
T (~ˆx)A−1B︸ ︷︷ ︸
=~P (~ˆx)
{
uλ(~¯xn)
}
. (2.23)
The row matrix ~P (~ˆx) describes the projection between a single surface point ~ˆx and the
Nδ support points inside the support radius. In the MLS method the projection matrix is
built row by row for each surface point separately. The final projection matrix P is assem-
bled from the M row matrices of all surface points. For each surface point a Q×Q-matrix
A has to be set up and inverted. Its condition number and thus its invertability depends
on the number of support points and their spatial arrangement. Practical experience
has revealed that the regularisation of the linear systems of equations (2.22) by left
multiplication of
[
~m(~¯xn)
]
is highly detrimental to its condition number. A more accurate
and robust numerical solution can be achieved if instead for each surface point the Nδ
overdetermined systems of equations
Φ(~ˆx, ~¯xn)
[
~m(~¯xn)
]T [
α(~¯xn)
]
= Φ (2.24)
are solved with QR decomposition, yielding Nδ tuples of polynomial coefficients α∗(~¯xn)
for unit deflections or heat fluxes u∗λ(~¯xn). The final row entry to the projection matrix then
is
~P (~ˆx) = ~mT (~ˆx) [α∗(~¯xn)] . (2.25)
Because the MLS interpolation method has only local support, the projection matrix is
sparse, greatly reducing memory requirements.
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FIGURE 4. Dimensions and perspective illustration of the experimental setup.
3. Validation
Each of the individual solvers has been compared to experimental measurements or
to numerical results. Simulations concerned with supersonic boundary layer flow [17]
and simulations of an oblique shock impinging on a boundary layer [18] showed a good
agreement between numerical results and experimental measurements. The analysis
methods of the structural solver ASTRA necessary for the aerothermoelastic coupling,
like the dynamic analysis, the thermal and the thermoelastic analyses, are validated
using commercial FE-codes. For this purpose, computations with full 3D models are
performed using Abaqus and compared to the equivalent ASTRA computations.
The current research concentrates on the validation of the fully coupled solver for
aerothermoelastic problems. First the aeroelastic and aerothermal coupling between
QUADFLOW and ASTRA are considered separately. Here, the validation of the ther-
moelastic module of ASTRA against Abaqus and the validation of the aeroelastic cou-
pling chain with experimental data provided by the DLR Cologne are presented.
3.1. Validation of the aeroelastic coupling
3.1.1. Experimental setup
The experimental setup is designed to investigate the interaction between an oblique
impinging shock and an elastic panel at supersonic inflow conditions; for a detailed
description please refer to [19].
The main constructional elements of the experimental setup are a 20◦ wedge and
an elastic panel. The wedge is positioned at the beginning of the upper part of the
flow channel. The elastic panel is embedded in the lower part of this channel. It is
positioned such that the oblique shock being generated from the wedge at supersonic
flow conditions impinges on the panel at about one third of its length. Over the length of
the panel, the channel between wedge and panel has a constant cross-section.
Figure 4 illustrates the experimental setup. The elastic panel has a width of 200 mm;
a length of 300 mm, and is clamped on both sides over 15 mm of additional length. The
table holding the panel is as wide and long as the wind tunnel is wide, i.e. 600 mm.
Alongside the panel, an elastic sealing is installed which prevents pressure compensa-
tion. DLR Cologne will conduct the experiments in its Trisonic Wind Tunnel (TMK). Since
that tunnel has a cross-sectional area of 600×600 mm2, the tunnel walls are sufficiently
far away from the center plane of the panel.
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FIGURE 5. Computational grid (initial non-adapted grid) and imposed flow boundary conditions.
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FIGURE 6. left: Comparison aeroelastic results using linear (FEAFA) and non linear (ASTRA)
structural solvers. right: Comparison of numerical results with clamped boundary conditions using
ASTRA with experimental data.
3.1.2. Computational setup
Based on the assumption that wind tunnel wall influences are insignificant, the com-
putations are carried out at first purely in two dimensions. The computational domain
and the boundary conditions imposed on the domain boundaries are shown in Fig. 5.
The flow is assumed to be fully turbulent. This is justified (i) due to the high Reynolds
number and (ii) because a tripping device is to be placed at the leading edge of the table
which will enforce laminar-turbulent transition.
In the experiment, the panel will be clamped on both sides. The following properties
are used for the panel material: E=2.06×1011 N/m2, ν=0.32. The panel thickness in the
numerical investigations is set to 1.47 mm. It is discretized by 50 elements. To approxi-
mate the flat planel geometry, axis-symmetric elements with very large radius are used.
The pressure beneath the panel is applied equal to the inflow pressure.
3.1.3. Results
For four different flow conditions aeroelastic computations using QUADFLOW and
ASTRA coupled via ATCM are performed (M=2.5, 3.0, 3.5, 4.0). The measured defor-
mations of the elastic panel are compared to the numerical results.
The first approach using the linear solver FEAFA [13] showed large differences to
the experiments. By using the non linear structural solver ASTRA a much better fit be-
tween measured data and computed deformations could be achieved. The comparison
between the linear and non linear solver for M=3.0 is shown in Fig. 6 (left). The com-
parison between the experimental deformations and the displacements computed with
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FIGURE 7. left: Calibration of the spring constants. right: Comparison of numerical results with
elastic boundary conditions using ASTRA with experimental data.
ASTRA for all considered cases is summarised in Fig. 6 (right). Caused by the move-
ment of the shock to the end of elastic panel the deformation decreased with increasing
Mach numbers. For the lowest deformation induced by the highest Mach number, the
numerical results of the aeroelastic computations underestimates the measured data.
The deviation increased for lower Mach numbers.
The difference can be explained by the clamped boundary conditions used for the
simulations. In reality, the frame to which the elastic panel is riveted deforms during the
experiment [19]. To approximate the behavior of the elastic boundary conditions they
are modeled in a way which can be described as a set of springs. One spring is meant
to hinder the in-plane deformation (spring constant klin =1.25×109 N/m) and a second
rotational spring is meant to resist the rotation around the edge of the panel (spring
constant krot =1667 N). The spring constants were calibrated using results of exper-
iments during which the elastic panel was exposed to a constant pressure difference
between the upper and lower side (see Fig. 7 (left)). The results of the aeroelastic com-
putations using the elastic boundary conditions are summarized in Fig. 7 (right). For the
three highest loadings, the deformation lies close to the experimental data, which leads
to a better prediction of the deformation compared to in the simulations using clamed
boundary conditions (Fig. 6 (right)).
3.2. Validation of ASTRA
The thermoelastic module of ASTRA is validated using several comparison computa-
tions with the commercial solver Abaqus. One simple example is presented to com-
pare the numerical results. A nozzle-like structure with a curved meridian (see Fig. 8)
is clamped on left side (x = 0) and also a thermal boundary condition is imposed at
the right edge (Tright = 0◦C at x = L). The outer surface of the structure loses energy
due to thermal flux to an environment with an ambient temperature of Tambient = 0◦C.
The material of the structure is C/C-SiC. All necessary material and geometric param-
eters are summarized in Tab. 1. The structure is loaded with a constant thermal flux
of qi =100000 W/m2 on the inner surface. Also on the inner surface, a constant inner
pressure of pi =15×106 N/m2 is applied.
Transient comparison computations were performed with this structure. In Fig. 9 the
temperature at the left edge x = 0 of the structure is plotted versus time. Both solvers
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FIGURE 8. Nozzle-like structure for code-to-code comparison.
R1 R2 L h E G
[mm] [mm] [mm] [mm] [N/m2] [N/m2]
200 400 600 4 6 · 1010 1.4 · 1010
ν α ρ λ1,2 λ3 c
[−] [1/K] [kg/m3] [W/(mK)] [W/(mK)] [J/(kgK)]
0.05 2.5 · 10−6 1870 25 15 748
TABLE 1. Material and geometric (compare Fig. 8) parameters for the code-to-code comparison.
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-0.0002
0
0.0002
0.0004
0.0006
0.0008
0.001
0.0012
0.0014
0.0016
0.0018
0.002
0 0.1 0.2 0.3 0.4 0.5 0.6
R
ad
ia
l 
D
ef
or
m
at
io
n 
[m
]
x-Position [m]
Abaqus
ASTRA
Abaqus (without pressure)
ASTRA (without pressure)
FIGURE 10. Deformation after 100s.
show almost identical results. In Fig. 10 the deformation is shown due to the combination
of thermal and pressure loads as well as due to thermal load alone after 100s into
the transient solution. ASTRA as well as Abaqus compute the deformation after the
temperature field is determined.
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4. Conclusion and Outlook
Partitioned methodes can be used to solve aerothermoelastic problems such as su-
personic flows through nozzles. Following this approach, the CFD solvers QUADFLOW
and TAU are coupled with the structural solver ASTRA to simulate aeroelastic problems.
The required methods for the information exchange between both single field solvers,
which are implemented in the ATCM, were presented. This modular aeroelastic solver
was successfully validated against experimental data. Thereby the elastic connection of
the flat plane to the frame has to be regarded in the boundary conditions of the structural
solver. Further modifications of this boundary conditions may be needed to improve the
prediction. As preparation for aerothermoelastic simulations a method to compute the
temperature field due to external thermal loads for axis-symmetrical shells is developed.
This procedure was implemented into the structural solver ASTRA. A comparison be-
tween thermoelasic computations with ASTRA and the commercial solver Abaqus leads
to essentially the same results.
After the successful validation of the thermal branch of ASTRA and the aeroelas-
tic coupling between QUADFLOW as well as TAU and ASTRA the validation of the
aerothermal coupling will be performed. It will be based on experiments which are con-
ducted at the DLR Cologne. Here, air with a free stream temperature T ≈ 560K and a
free stream Mach number Ma ≈ 7.5 will flow over a ceramic structure. Then the final
validation of the aerothermoelastic coupling will be follow.
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